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Summary 

Tissue factor (TF) is a transmembrane glycoprotein that complexes 
with factor Vila to initiate blood coagulation, h was reported in an 
earlier study that expression of high levels of TF in a human melanoma 
cell line promotes metastasis, and that the cytoplasmic domain of TF 
is required for this metastatic effect. To analyze the functions of the 
cytoplasmic and extracellular domains of TF in metastasis, two TF 
mutants were constructed; in one mutant alanine was substituted for 
each of the three serine residues in the cytoplasmic domain, preventing 
phosphorylation; in the other mutant alanine was substituted for four 
key residues in the extracellular domain, preventing binding of factor 
Vila and consequently eliminating the initiation of blood coagulation 
by the TF-VIla complex. Melanoma lines expressing high levels of either 
mutant form of TF were weakly metastatic in SC1D mice, indicating 
that phosphorylation of the cytoplasmic domain and formation of a 
complex with Vila by the extracellular domain are required for the full 
metastatic effect of TF. It was also found that increasing TF expression 
in human melanoma cells does not increase expression of vascular 
endothelial growth factor or promote growth and vascularization of 
tumors derived from the melanoma cells, suggesting that TF acts by a 
mechanism other than angiogencsis to promote metastasis. 

Introduction 

Tissue factor (TF) is a transmembrane glycoprotein containing a 
short cytoplasmic domain (CD), a single transmembrane domain (TD), 
and an extracellular domain (ED) (1). The ED forms a complex with 
factor Vila that initiates blood coagulation; the CD is not required for 
the procoagulant activity of TF (2). In an earlier study we showed that 
increasing TF expression in a human melanoma line, by transfection of 
a cDNA encoding normal human TF, resulted in an increased metastatic 
potential of the cells as tested in a SCID mouse model of metastasis. 
The increase in metastatic potential was substantially reduced when the 
cells were trnnsfected with a cDNA encoding a truncated TF molecule 
containing the ED and TD but lacking the CD, indicating that the CD is 
required to obtain the full metastatic effect of TF (3). Similar results 
were reported from another study in which Chinese hamster ovary 
(CHO-K1 ) cells were used for transfection instead of human melanoma 
cells (4). 



The role of procoagulant activity in the metastatic function ofT 
was also examined by introducing mutations in the ED that inlerfcr 
with the initiation of blood coagulation. The first ED mutant testcc 
which was partially defective in procoagulant activity, showed th 
same strong metastatic effect as normal TF in tmnsfected huma 
melanoma cells (3), suggesting that procoagulant activity might notb 
involved. However, in a subsequent study using an ED mutant witi 
virtually no procoagulant activity, the metastatic function of TF i: 
CHO-KI cells was markedly reduced, indicating that procoagulni; 
activity of TF is involved in metastasis (4). The low level of procoagulai: 
activity in the ED mutant used for the earlier study could have bee 
sufficient to support metastasis. 

The experiments reported here were designed to obtain furtlie 
information about the roles of the CD and ED in metastasis. The CI 
contains three serine residues that can be phosphorylated (5, 6). To tea 
for a role of CD phosphorylation in the metastatic effect of TF, aTl 
mutant was constructed with alanine substitutions for the serine residue 
in the CD, which eliminated the possibility of phosphorylating die CD 
To test for a role of the TF-fac tor VI la complex in the metastatic effee 
of TF, another TF mutant was constructed with alanine substitutions fo 
four residues in the ED involved in binding factor Vila, which preven 
binding of factor Vila and consequently eliminated the procoagulan 
activity. The results obtained with these two mutants suggest tha 
the full metastatic effect of TF requires both phosphorylation of the CI 
and binding of factor Vila to the ED, in agreement with the results o 
another study (4). 

Many tumor cells synthesize and secrete vascular endothelial growtl 
factor (VEGF) which binds to receptors on vascular endothelial cells 
resulting in vascularization of the tumor (7). ft was reported tha 
increasing TF expression in a murine fibrosarcoma cell line, by trans 
fection of normal murine TFcDNA, increased expression of VEGF (8) 
indicating that TF induces VEGF expression in these tumor cells 
However, another study showed that the growth and vascularizatioi 
of tumors generated in SCfD mice by stem cells derived from TFnul 
mutant (TF-/TF-) mice or from wild type (TF+/TF+) mice wen 
indistinguishable, indicating thai TF does not induce vascularization ir 
these tumors (9). In experiments reported here, wc show that increasing 
TF expression in human melanoma cells does not increase VEGJ 
expression or promote growth and vascularization of tumors derive< 
from the melanoma cells, indicating that TF acts in other ways tc 
promote metastasis. 



Correspondence to: Dr. Michael E Bromberg, Yale University, School of 
Medicine, Section of Hematology, 333 Cedar Street, WWW 4(13, New Hnvcn, 
CT 06520, USA -Tel.: +1 203-7854144; FAX: +1 203-785-7232 



Materials and Methods 

Reagents. A rabbit polyclonal antibody prepared against the ulraccllulai 
domain of human TF (residues 1-219) was provided by Dr. Yale Ncmcrson 
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Fi}>. I Map or LXSN retroviral vector. LTR, long terminal repeal from Moloney 
murine leukemia virus; NEO R , neomycin and G4I8 resistance gene; SV t SV40 
promoter; pA, polyatlenylalion signal. The Xho / and Bam HI sites were used to 
ligalc die cDNA inserts into LXSN. Arrows indicate transcriptional star! siics 
and direction nf transcription 



(Mt. Sinai Medical Center, New York, NY). Hamster monoclonal antilwdy to 
mouse CD-3 1 was from Eudogcn Laboratories (Cohum, MA). Hamster IgG 
was from Phariningcn (Snn Diego, CA). Biotinylaled goat anti-hamster IgG, 
normal goat scrum and Veciaslnin ABC kit were from Veclor Laboratories 
(Burlinganic. CA). Diilhccco's modified Eagle's Medium (DMEM), fetal bovine 
scrum (FBS), penicillin-streptomycin solution, and trypsin-EDTA solution 
were from Sigma {St. Louis, MO). G4IH was purchased from Gibco-BRL 
(Gailhershurg, MD). The cDNA encoding the 165 amino acid isofonn of 
human VEGF (VEGF lft5 ) was provided by Dr. Judilh Abraham (Scios Nova 
Inc., Mountain View, CA). 

Ceil lines. All melanoma cell lines and the retroviral packaging cell lines 
PESO I and PA3I7 (provided by Dr. John Rose, Yale University School of 
Medicine) arc described in an earlier report (3). The cells were grown in 
DMEM containing 10% FBS, penicillin, and streptomycin in a C0 2 incubator 
at 37° C . Cells were counted using a Coulter Counter ZM (Coulter Electronics, 
Hialcah, FL). Cultures were routinely monitored for mycoplasma contamination, 
which was not delected in any cultures. 

Retroviral infection of melanoma cells. The retroviral vector LXSN (Fig. I ) 
was used to construct vectors for transacting cDNAs encoding human TF, an 
ED mutant TF, two CD mutant TFs, and VEGF IW . The ED mutant TF has 
Ala substitutions at residues Lys 20, Asp 44, Asp and Phc 140 to markedly 
reduce the affinity Tor binding or factor Vila ( 10). One CD mutant TF is truncated 
after His 243 deleting the CD; the other CD mutant TF has Ala substitutions at 
residues Ser 253, Scr 25X and Ser 263 to eliminate phosphorylation of the CD. 
Titers of the retrovirus ranged from 10' to I0 6 colony-forming units per ml. The 
parental cell line YU-SITI (SITI ) was plated ut a density or 5.0 X I0 5 cells in 
a 6 cm dish and grown overnight. On the following day the media in each dish 
was replaced with a retroviral slock (4 ml) supplemented with 16 |ig Polybrcnc. 



Table I Transfccied human melanoma cell lines from parental line SITI 



Cell Line 


Clonal ity 


Proteins encoded by transacted I 
cDNA insert 


LSXN-1 


C 


None 


LSXN-2 


C 




LSXN-3 


P 




LSXN-4 


P 




TT-2 


C 


Normal Human TF 


TF-4 


C 




TF-5 


p 




CD-I 


p 


Human TF with deletion after His243 


CD-2 


p 




4N-1 


p 


HumanTP with Ala substituliuns ni 


4N-2 


p 


Lys20, Asp44, Asp58 & PhcMO in the ED 


3SA-1 


p 


Human TF with Ala substitutions al 


3SA-2 


p 


Ser53, Ser25H & Ser2fi3 in the CD 


VEGF-2 


p 


Human VEGF,,* 


VGGF-3 


p 





C=Ctonal Pe Polyclonal 
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The cells were incubated for 24 k rcplntcd in culture medio containing 
I mg/ml 04 1 8 and incuhalcd until G4l8-rcsislanl iransfected colonies were 
formed. The colonies were isolated and cultured to generate the cloned lines 
TF, 4N (ED mutant), CD (CD mutant), m (CD mutant), and VEGF (Table I ). 

Cell surface TF expression. Cell surface expression of TF was analyzed by 
flow cytometry as previously descrihed (3). The procedure involved growing 
the cells as an attached monolayer, suspending the cells with trypsin, washing 
with phosphatc-huffercd saline (PBS), and rcsuspending the cells for 20 mm at 
4° C in PBS containing polyclonal rabbit anti-TF or mbhi! IgG ;is a control. 
After washing the cells widi PBS lo remove unbound aniihody, the cells were 
incubated for 20 min at 4° C with goal anti-rabbit IgG conjugated to fluorescein 
(Sigma), washed with PBS and analyzed on a Beelnn Dickinson FACS Star 
Analyzer. 

ProcaagulatU activity. Cells were briefly incubaled with trypsin-EDTA 
solution (Sigma) for 1,5 min, suspended in DMEM/10% FBS, pelleted, 
resuspended in Tris-buflcred sa!inc/D.I% bovine scrum albumin at a density of 
10* cells per ml, and disniptcd hy three cycles of frecze-l hawing. The TF 
activity was determined by using a iwo-stagc clotting assay (II) using factor X 
deficient human plasma (Sigma). Clotting times were converted to functional 
TF molecules by using a standardized curve prepared as described ( 1 2). 

VEGF expression. Cells were plated in multi-well culture plates at a density 
of 10 s cells per well. Alter 20 hr or incubation in DMEM supplemented with 
10% FBS, the media was harvested and the concentration or VEGF was 
determined using an ELISA kit (R&D Systems, Inc.. Minneapolis, MN). 

Murine model of metastasis. Female 6- week-old SCID CB - 17 mice (Charles 
River Laboratories, Wilmington, MA) were kept in isolated housing and received 
trimcihoprinvsulfamcihoxazolc in their drinking water for Pneumocystis carinii 
prophylaxis (13). Cultures of the transfccied melanoma lines were briefly 
trypsinized, suspended in DMEM/ 1 0ft FBS, washed and resuspended in HBSS 
(free of calcium and magnesium). Mice were injected intravenously via the 
lateral tail vein with 4.0 X I0 5 cells. After 10-11 weeks the animals were 
euthanized, the lungs removed and the lung surface examined with a dissecting 
microscope for the presence of tumor nodules (3). 

Murine model for primary tumor ,t>ro\\ik Transfccied cell lines were harvested, 
washed and resuspended in HBSS as deseribed (3), and 0.1 ml containing 
lO* cells was injected subcutancously into (he flank of 6 week old female 
SCID CB- 1 7 mice. The animals were euthanized after 3 weeks, and the tumors 
resected and weighed. The tumors were embedded in O.C.T, compound 
(Sakura Finetck, Torrance, CA), then frozen sections wciv cut and incubated 
with a primary hamster anti-mouse CD-3 1 (PECAM-I) aniihody followed by 
biotinylaled goat anti-hamster aniihody. Staining to determine vascularity was 
performed as described using the Vectaslain ABC kit with diaminohen- 
zidinc/H 2 0 2 as substrate. 

Statistical analysis. Data from the SCID mouse model of metastasis assay 
were analyzed by the two-tailed Fisher exact test. Primary tumor growth data 
were analyzed by an unpaired l-lcst. P <0.05 was considered significant. 

Results 



For the first set of experiments, cell lines were constructed by retmviral- 
medtated transfections of the human melanoma line SITI, which 
expresses a relatively low level of TF and is weakly metastatic in u 
SCID mouse model of metastasis (3). The TF cDNA inserts in the 
retroviral vectors for four of the transfectcd cell lines are shown in 
Table I; the retroviral vector for the LXSN line, which serves as a 
control, does not have an insert. In the CD line the transfected TF mole- 
cule was truncated after residue 243, deleting the entire CD. hi the JSA 
line, the three serine residues in the CD of the transfected TF molecule 
were changed to alanine, preventing phosphorylation of the CD. In the 
4N line, four residues in the ED of (he transfected TF molecule were 
mutated, preventing complex formation with factor Vila. Expression of 
the transfected TF molecules in the TF, CD, 3SA and 4N lines was 
measured by fluorescence-activated flow cytometry, using an anti-TF 
intibody (Table 2). The fluorescence intensity in each line was 10 to 1 5 
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times graiter than in the LXSN line, indicating that the transfected TF 
molecule is strongly expressed in each line. The procoagulant activity 
in the TF, CD and 3SA lines, as measured by a two-stage clotting assay, 
was 300 to 500 times greater than in the LXSN line (Table 3), consistent 
with other evidence that the CD is not required for procoagulant activity 
(2). The procoagulant activity in the 4N line was about the same as in the 
LXSN line, indicating that the mutations in the ED eliminate procoagulant 
activity. 

The five transfected lines were tested for their metastatic potential in a 
SCID mouse model of metastasis (Table 4). The incidence of metastasis 
was high (75%) for the TF line and low (23-33%) for the CD, 3SA, and 
4N lines. The results with the CD and 3SA lines indicate that the 
cytoplasmic domain is required for the full metastatic function, and that 
at least one of the serine residues in the CD is required for the full 
metastatic function, presumably because phosphorylation of the CD is 
important. The results with the 4N line indicate that formation of a 
TF-VIIa complex is also required for the full metastatic function. 

The second set of experiments was designed to determine whether 
TF can induce expression of VEGF, as suggested by another study 
using a murine fibrosarcoma cell line (8). The level of expression of the 
165 amino acid isoform of VEGF(VEGF I65 ) in the FFand LXSN lines, 
which differ in the level of TF expression (Table 2) but are otherwise 
isogenic, was compared with a control line transfected with a cDNA 
encoding VEGF lfi5 . The level of VEGF K>5 secretion in both TF and 
LXSN lines, was about 30-fold lower than in the VEGF line (Table 5), 
indicating that increasing TF expression does not result in an increase 
of VEGF 165 expression. 

It was also reported that TF promotes vascularization of murine and 
human tumors (8, 14). To test for an effect of TF on vascularization of 
human melanoma tumors, primary tumors were generated by subcuta- 
neous injection of the TF and LXSN lines into SCID mice, and the vas- 
cularity of the resulting tumors was determined by immunohistochemis- 
try; the positive control was the isogenic melanoma line VEGF, which 
expresses a high level of VEGF, H (Tables I and 5). The tumors derived 
from the VEGF line showed a marked increase in vascularity as com- 
pared to the tumors derived from the LXSN control line, in contrast to 
the tumors derived from TF lines which showed no increase in vascular- 
ity (Fig. 2). These results indicate that vascularization of a primary hu- 
man melanoma tumor is promoted by VEGF (fi5 but not by TF, consis- 



Tuble 2 Flow cylomeiry analysis of transfected melanoma cell lines 



Table 3 TF procoagulant activity in transfected melanoma cell lines 



Cell Line 


TF Expression 
on Cell Surfa ce 1 


LXSN-I 


2.0 


LXSN-2 


1.9 


LXSN-3 


2.0 


TF-2 


25 


TF-4 


25 


TF-5 


23 


CD-I 


30 


CD-2 


30 


4N-1 


21 


4N-2 


21 


3SA-1 


29 


3SA-2 


30 


VEOF-2 


2.0 


VEGF-3 


2.0 



I . Relative fluorescence Intensity or cells 
sunned with unti-TF antibody compared 
to IgG control antibody. 



Cell Line 


I'rocoagulnnt Activity 
TF Molecules per Cell x 10 1 


LXSN-3 


1.02 


LXSN-4 


0.72 


TF-5 


301. 






CD-2 


502. 


4N-1 


132 


4N-2 


1.44 


3SA-1 


448. 


3SA-2 


502. 



A two-stage clotting assay was used to measure 
clotting time in lysed cells (11). The clotting time 
was converted to TF activity, as previously described 
(3). Assays were done in triplicate for the cell lines 
and the results generally agreed to ± 10%. 



Table 4 Metastases in SCID mice after intravenous injection of transfecle 
human melanoma cells 



Cell Line 


Number nf 
Mice Injected 


Number of Mice 
with Lung Surface 
Metastasis 


Incidence nf 
Mctaslasbi 


V Value' 


LXSN-3 


9 


» 






LXSN-4 


5 


Q 








M 


0 


11% 




TF-5 


16 


12 


75% 


•:IUW1 


CD-I 


5 


2 






CD-2 


4 


1 








■9 


3 


33% 


1 1.047 ' 


<1N-1 


6 


1 






<IN-2 


Z 


1 








13 


3 


23% 


0.1 WH 


3SA-1 


6 


2 






3SA-2 


5 


1 








n 


3 


27% 


(1.072 



Female 5 tn 6 week cild SCID mice were injected intra veimuiily via 0u: Internl tai 
vein with 4.0 x 10' transfected S1T1 melanoma cells. After 10 tn 11 weeks 111 
nnlmnlH were euthanized and the lungs were examined fur the pix-u-no: of tumo 
nodules on the lung surface. The number of lung nodule:} in mice that duvelopei 
tumors on their limp surface ranged from 1 to 11. tn mice Hint develop o 
me l,i .sin .sen, similar numbers of lunj; nodule* per mouse wore observed for the IT 
CD, 4N, nml 3SA cell lines. 

* P values determined using two railed Fisher exact test for normal Tl* or mutant Ti 
cell lines compared to control (LXSN) cell lines. 



Table 5 VEGF, M expression in transfected human melanoma cell lines 



Cell Line 1 


VEGF IM Secreted Into Culture Medium 1 
(Meiin +/- S.D.J 


LXSN-I 


232 ± K2 


LXSN-2 


245 ± 70 


TF-2 


166 ±89 


TF-4 


264 ±51 


VEGP-2 


7580±2I00 


VEGI--3 


7500 ± 1740 



1 . The parent cell line is SIT I . 

2. Amount of VEGF (p£) in 1.0 ml or culture medium after incubation of 
I0 5 cells for 20 hours as determined by ELJSA. Each value represents 
mean level from ihrcc separate experiments. 
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Fir. 2 Vasculnlurc of primary lumors in SCID mice after subcutaneous injection 
of iransfcctcd human melanoma cells. Female 5 to 6 week old SCID mice were 
injected with 1 .0 X \{f cells into the (lank. Tumors were excised after 21 days 
and representative- histologic sections shown after immunohislochcmicnl staining 
for mouse CD-31.(X200) 



tent with the finding that TF does not induce expression of VEGF 16V 
To test the effect of TF and VEGF, M on the growth of primary tumors, 
transferee) melanoma lines were injected subcutaneously into SCID 
mice and the weights of the tumors were compared 3 weeks after injec- 
tion. The average weights of the tumors derived from the TF line and 
IXSN line were about the same, in contrast to n 5-fold average weight 
increase of the tumors derived from the VEGF line (Table 6). 

Discussion 

In an earlier study (3) it was shown that increasing TF expression 
by trnnsfection of TF cDNA into a weakly metastatic human melanoma 
line resulted in a major increase of metastatic activity, and that the 
cytoplasmic domain (CD) of TF was required to achieve the full metastatic 
effect (3). In the study reported here it was shown that the role of the 
CD in metastasis depends on the presence of at least one of the three 
serine residues in the CD: When the melanoma cells were transfected 
with a TF cDNA encoding an alanine substitution for each serine, 
which eliminates the possibility for phosphorylation of the CD (5, 6), 
the metastatic effect of TF was reduced, suggesting that the metastatic 
effect of TF depends in part on phosphorylation of the CD. Similar 
results were reported in another study in which CHO-KI cells were 
used instead of human melanoma cells to test the role of the serine 
residues in the CD on metastasis (4). Although the function of the CD 
in metastasis remains to be determined, it could involve an interaction 



Table 6 Growth of primary lumors in SCID mice after subcutaneous injection of 
iransfcctcd melanoma cell lines 



Cell Line 1 


Number of 
Tumors 


Tumor Wt. nt 3 Weeks 
Post -Injection (Moon +/- S.D.) 


1» Value* 


LXSN-I 


9 


103 (+/-50) 




TF-2 


8 


I35(+/-Bl) 


0.340 


VEGF-3 


9 


SOft (+/- 237)* 


<0.001 



t . 'Hie parent cell tine is SIT I . 

• P values determined using nn unpaired t-tcst for TF-2 or VEGF- J celt lines compared 
to control (LXSN- 1 ) cell line. . t 

Best Available Copy 



with a 280 kD actin binding protein, which results in reorganization of 
actin filaments in the cyloskeleton (15). 

We also tested for a role of the extracellular domain (ED) in the 
metastatic effect of TF, involving formation of a complex with factor 
Vila that initiates the blood coagulation pathway. The complex with 
factor Vila can be prevented by substitution of alanine for each of four 
critical residues in the ED (10). The metastatic potential of human 
melanoma cells expressing high levels of this ED mutant was reduced 
by greater than two-thirds, as compared to the cells expressing high 
levels of the normal TF, indicating that the complex of TF with factor 
Vila increases the metastatic effect of TF. Similar results were reported 
in the other study in which CHO-Kl cells were used instead of human 
melanoma cells for the tests in SCID mice (4). It was further shown in 
that study that the metastatic effect of TF depends on the proteolytic 
activity of the TF-VIIa complex, suggesting that downstream components 
of the blood coagulation pathway are involved in mediating the metastatic 
effect of TF. 

The next experiments were designed to test for u possible role of 
TF in the regulation of VEGF expression by tumor cells, as suggested 
by studies with a murine fibrosarcoma line (8). A panel of isogenic 
human melanoma lines expressing relatively low or high levels of TF 
and VEGF, M was constructed, by transfection of TF cDNA or VEGF )65 
cDNA into a parental line which is weakly metastatic in SCID mice. 
Increasing TF expression in the transfected melanoma cells did not 
increase VEGF lfi5 expression or the size and vascularity of the primary 
tumors derived from these cells. These results demonstrate that TF does 
not regulate VEGF 1W expression in cultured human melanoma cells, 
and does not promote angiogenesis in tumors derived from the cultured 
cells. This conclusion is supported by studies of transgenic mice carrying 
a TF transgene tinder control of an MMTV-LTR promoter, which 
generated high levels of ectopic expression of TF in salivary and 
mammary glands, but did not increase VEGF expression or vascularity 
in either gland (16). Other evidence that TF does not promote tumor 
growth and vascularity comes from experiments in which embryonic 
stem cells, derived from TF null mutant (TF-/TF-) mice were implanted 
subcutaneously into SCID mice to form primary tumors; The tumors 
formed by the TF null mutant cells (TF-/TF-) did not differ in growth or 
vascularity from tumors formed by the wild-type (TF+/TF+) cells (9). 

The physiologic function of TF, which was initially thought to be 
limited to blood coagulation (I), is now known to include metastasis 
and possibly other cellular functions (17). The results reported here and 
in another study (4) have shown that both the procoagulant and metastatic 
functions of TF depend on the formation of a complex involving the ED 
and factor Vila, and share a requirement for at least one of the downstream 
components in the blood coagulation pathway. However, the metastatic 
function but not the procoagulant function of TF also depends on the 
CD, apparently involving phosphorylation of least one of the serine 
residues in the CD. A possible role for the blood coagulation pathway 
in metastasis is to induce phosphorylation of the CD, which could 
involve thrombin, a component of the blood coagulation pathway, that 
binds to cellular receptors, resulting in activation of a signaling 
pnlhway (18, 19). The possible role of thrombin in regulating CD 
phosphorylation and the role of the CD in metastasis, remain as major 
problems for future investigation. 
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